Introduction
studies revealed that in many organisms ranging from yeast to human beings, mitochondria are highly dynamic, motile and undergo frequent fission and fusion processes [7] . Recently developed methods include also fluorescence resonance energy transfer and recording the image data in three spatial dimensions over time (i.e. 4D-imaging) , as well as 4Pi-and STEDmicroscopy [9, 13] . Having higher spatial resolutions (~100 nm), these techniques possess rather limited time resolution necessary for the studies of fast changes in mitochondrial network and morphology [13] .
It is known that specific mitochondrial distribution and organization in the cell can be achieved by the movement of these organelles along the cytoskeleton filaments (e.g. actin or microfilaments) and attachment to the cytoskeleton using specific motor and connector proteins [10, 14, 15] . Importantly, defects in mitochondrial dynamics may contribute to a variety of human diseases, in particular neurological diseases [16] [17] [18] [19] .
Mitochondrial movement is metabolically regulated and can be rather rapid in some cells like neurons and serve to direct mitochondria to cellular regions of locally high ATP demand to provide energy (and Ca
2ϩ buffering capacity), or to transport mitochondria destined for elimination [14, 20] [23] [24] [25] [26] [27] [28] . [29] with slight modifications as described elsewhere [30] . Briefly 
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Intracellular organization of pancreatic mitochondria
In our study mitochondrial imaging in pancreatic cells was performed by the mitochondria-specific dye TMRM, which is widely used for the analysis of static and dynamic mitochondrial arrangement in various cell types [8, 11, [30] [31] [32] [33] [34] (Fig. 1) , which are early signs of permeability transition [35] . All these data confirm that fully functional mitochondria were studied during entire time of observation. Figure 2 
. Mitochondrial imaging was also performed using additional mitochondriaspecific probe MitoTracker Green. In experiments combining MitoTracker Green and TMRM fluorescence co-localization of these mitochondria-specific probes was demonstrated (data not shown). Also, at the concentrations used in this study, both TMRM and MitoTracker® Green had no effect on mitochondrial dynamics and cell viability over long time (up to 2 days) incubation of human pancreatic cells. They also did not change functional parameters of mitochondria as measured by high-resolution respirometry (data not shown). Moreover, no oscillations (flickering) of the TMRM signal were observed
Mitochondrial fission/fusion
Time series imaging of pancreatic mitochondria by collecting 300-600 images revealed that these organelles continually divide and fuse to form a dynamic interconnecting network. Figure 3 demonstrates that the formation of short tubular mitochondria can be a result of fragmentation (fission) of long mitochondrial threads (cf. Fig. 3A and dashed box in Fig. 3B ), where mitochondrial network collapses into shorter separated filaments. Figure 3C shows that this process can be fast and one mitochondrial thread may be divided into three fragments during about 100 sec. (see also supplementary video file: Kuz 1 Fission) . Another example of the fission/fusion dynamics is shown in Fig. 4 . Again, the branched mitochondrial network was divided into three fragments (Fig. 4A) . Fig. 2C ). Scale bar, 1 m. Fig. 7 (Fig. 8) .
Fig. 4 Remodelling of mitochondrial network in human pancreatic cells. Dynamics of network fragmentation (A) and fusion of two network branches (B) is shown (arrows). Note that similar time (~100 sec.) is required for both fission and fusion processes (cf
Figure 6 shows the combination of small amplitude fluctuations in mitochondrial network, long-distance (~20 m) occasional translocation of single mitochondrion (circles, dotted arrows) at a velocity comparable to the motility of mitochondria in human fibroblasts [36], together with fast 'back and forth' fluctuating branching (arrows) in mitochondrial network (see supplementary video file: Kuz 3 Branching). Moreover, we observed also new unusual types of mitochondrial shape and dynamics. In human pancreatic cells mitochondria may rapidly form structures such as separated rings (Fig. 5), rings or loops at the end (Figs 7 and 8) or in the middle of mitochondrial filament (Fig. 5). The internal loops can be created by the fusion of two parallel threads located close to each other, and a division of such a structure from both sides may lead to formation of small mitochondrial rings. The dynamic of the formation of mitochondrial rings at the end of a filament is shown in
(as well as their opening, see dashed circle). It can be seen that formation of such ring structures takes again about 100 sec. and can be in combination with mitochondrial branch creation/extension
Formation of mitochondrial knots
Besides the very interesting phenomenon of high amplitude forward and backward branching of mitochondrial network found in our study (Fig. 6) , the most exiting observation was an occasional formation of highly dynamic mitochondrial 'knots' created from one ( Fig. 9) (Fig. 10) Fig. 9 indicate the direction of the filament movement) and represents to our knowledge the most complex type of mitochondrial dynamic motion in living cells. [20, [23] [24] [25] [26] [27] [28] 37] . Mitochondrial morphology is different in various cell types, and may vary from small spheres, short rod-like shape, spaghetti-like shape and long branched tubules. In some cell types mitochondria may be single evenly distributed within the entire cell [8] , whereas other cells may display tightly clustered organelles [12, 33] (Fig. 1, right panel) . This is consistent with the idea of several levels of mitochondrial networks [20] , that may serve as an efficient system to deliver energy between different regions of the cell and such electrical connections across a mitochondrial reticulum may be crucial for mitochondrial synchronization and cellular physiology [11, 12] (Fig. 2, left panel) , which is rather usual also for some other cell types [7, 8, 33, 38] . It has been suggested that such an organization may help to generate energy (ATP) in vicinity of the nucleus [39] , providing basis for the integrated phosphotransfer network and metabolic channelling between mitochondria and nuclei [24] , playing thus an important role in the mechanisms for nuclear import and for regulating a variety of other nuclear functions.
mitochondrial threads. This type of mitochondrial behaviour in pancreatic cells includes very complicated multidirectional movements of opposite ends of individual mitochondria for 'knot' formation (arrows in
Discussion
Recent studies have implicated an important role of mitochondrial dynamics in living cells and ability of mitochondrial network for rapid remodelling, suggesting important roles of multiple interactions of mitochondria with other cellular structures, and demonstrating also tissue-specific patterns of their intracellular organization
or complex and dynamic networks of interconnected mitochondria with very long filaments
Fission/fusion
Previous studies have demonstrated also that in many cell types mitochondria may be very dynamic, rapidly changing their morphology by fission-fusion [7] , depending on metabolic state [20, [40] [41] [42] . conditions [18, 40, 41] , participating also in the control of apoptosis [43] . The precise balance between these two processes might therefore play a key role in mitochondrial and cellular function. In our study, a great variety of mitochondrial shapes (Fig. 2) and network remodelling (Fig. 3) thought to be a result of fast and continuous fission and fusion ( Figs 3C and 4) . For example Fig. 4A shows network fragmentation and Fig. 4B [44, 45] . Interestingly, a more intense TMRM signal can be observed in sites of mitochondrial branch formation (e.g. Fig. 8, dashed  circle) . This is consistent with the phenomenon of heterogeneous distribution of membrane potential along single mitochondrial filament described in the recent review of Benard and Rossignol [20] and may reflect region-specific increase in membrane potential (probably necessary for fusion or branch formation). It is thus possible that remodelling of mitochondrial network may, at least in part, be modulated by membrane potential, in line with its role also for mitochondrial movement [46] .
Mitochondrial motility
Mitochondrial movement within the cell thought to supply more ATP at sites of high ATP demands [14] . In addition, mitochondria may be recruited to provide Ca 2ϩ -buffering capacity for local calcium regulations [14] . Many diseases, in particular neurological diseases, are associated with mutations in proteins that control mitochondrial dynamics [16-19, 40, 41] . The most common types of mitochondrial dynamic motion observed in our study were: (i ) small oscillatory movements in the mitochondrial network, (ii ) long-distance intracellular translocation of separated mitochondria (Figs 5 and 6) and (iii) larger movements in network including filament extension, retraction, fast branching (Fig. 8) as well as combinations of these actions (Fig. 6) [20, [23] [24] [25] [26] [27] 37] . Similarly, unusual shapes of mitochondria like rings and loops at the end of mitochondrial filament frequently seen in pancreatic cells (Figs. 7 and 8) and in some other studies [20] could serve to envelop small vesicles and structures (e.g. fragmented Golgi), and this wrapping can be reversible (cf. Fig. 7 , dashed circle).
Knots formation
Anterograde and retrograde mitochondrial movements along microtubules and actin filaments are known for various cell types (neurons, budding yeast, etc.) [14, 15, 40, 41, 47] 
